A uric acid biosensor based on the direct electron transfer of a hemoglobin-encapsulated chitosan-modified glassy carbon electrode was developed for a highly sensitive and selective analysis in urine samples. The modified electrode was prepared by the encapsulation of hemoglobin and uricase in a chitosan matrix. The hydrogen peroxide produced from the catalytic oxidation of uric acid by uricase was reduced electrocatalytically by immobilized hemoglobin and used to obtain a sensitive amperometric response to uric acid. The linear response of the uric acid concentrations ranged from 2.00 to 30.0 µM with a correlation of 0.9982, the detection limit of uric acid was estimated to be 0.85 µM at a signal/noise ratio of 3. The uric acid biosensor can efficiently exclude the interference of commonly coexisted ascorbic acid, dopamine, epinephrine, etc. The relative standard deviation was under 2.56% (n = 5) for the determination of real samples. This biosensor is satisfactory for the determination of human urine samples compared with the HPLC-UV method.
Introduction
Uric acid (UA), a last catabolism outcome of purine in biological systems, is a very important biological molecule present in body fluids. 1 Therefore, its level serves as a marker for the detection of disorders associated with purine metabolism, and can well reflect the status of immunity. 2 Abnormalities of UA levels are symptoms of several diseases, such as gout, Lesch-Nyhan Syndrome, hyperuricaemia, cardiovascular and kidney diseases. 3, 4 The normal UA levels in serum range from 240 to 520 µM, and in urinary excretion are typically 1.49 -4.46 mM. Hence, continuous monitoring of UA in body fluids is essential, since its abnormal concentration levels lead to several diseases, such as the above mentioned. From the literature, various methods have been reported for the analysis of UA in body fluids, including spectrophotometric, 5 fluorometric, 6 electrochemical, 7 chemiluminescence, 8 HPLC, 9 microfluidic 10 and capillary electrophoresis methods. 11 Usually, the separation technologies could offer a good analytical performance both in precision and accuracy, while they are not cost-effective due to a large amount of reagent consumption and special instrumentation. Among numerous methods, an electrochemical method, especially an electrochemical biosensor, is the most extremely attractive one for the determination of UA, because of its advantages with direct real-time and on-line analysis, and also freedom from any pre-separation procedures. Compared with non-enzymatic electrochemical methods, [12] [13] [14] [15] UA biosensors based upon the utility of uricase (UOx) afford not only better selectivity, but also serve to achieve detection at neutral pH. As is well-known, good selective UA biosensors are based on the catalysis of an enzyme. [16] [17] [18] Generally, UOx catalyzes the oxidation of UA to allantoin, carbon dioxide and hydrogen peroxide. The UA in samples can be determined based on amperometric monitoring of the catalytically produced H2O2 by way of a redox mediator (Me):
Several UA biosensors with immobilized UOx and electron mediators have been reported in recent years. [20] [21] [22] However, the interferences contributed by other electroactive species, such as ascorbic acid (AA), epinephrine (EP) and dopamine (DA) often disturb the proper determination of UA. Also, the reported amperometric biosensor can only achieve a relative high detection limit of about 2.0 µM. 23 Accordingly, to develop a more sensitive and selective UA biosensor is very significant. One reformative route is to make the redox mediator be in a rich content more towards H2O2, thus typically precluding the access of most other species to the electrode surface. Hemoglobin (Hb), a heme protein, is an ideal biomolecule to effectively catch H2O2, which is a product of the catalysis of UOx to UA. Hb contains four polypeptide subunits (two α subunits and two β subunits), each of which has one iron-bearing heme as an electron-transfer center. 24 It has been used as a mimetic enzyme of peroxidase to construct H2O2 biosensors, because of its simplicity, moderate cost, high selectivity and intrinsic sensitivity in the determination of H2O2. [25] [26] [27] Recently, the direct electrochemistry of Hb has been described in some papers and used to develop H2O2 biosensors. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] In addition, a bienzyme channeling glucose sensor based on the co-entrapment of glucose oxidase (GOD) and horseradish peroxidase (HRP) in the mesopores of SBA-15 has been developed; 40 the detection of glucose has been accomplished via an electrocatalytic reaction with the HRP to the reduction of H2O2 produced from the enzymatic reaction of a GOD-glucose-dissolved oxygen system. Herein, the direct electron transfer (DET) between Hb and electrode resembles a redox mediator.
Similarly, the determination of UA can be accomplished according to the reduction of H2O2 by the Hb. Thus, we expect that DET of protein may provide a sensitive response for UA to fabricate a third-generation UA biosensor. On this basis, we have developed a novel amperometric UA biosensor based on the DET of a Hb-encapsulated chitosan-modified glassy carbon electrode. In a chitosan matrix, the encapsulated Hb and UOx retain their bioactivity, while displaying a continuous biochemical-toelectrocatalytic process in the presence of UA. This DET of protein in a biological membrane without any electron-mediator or nano-materials can be more propitious to applications of biosensor in vivo. In the present work, the response mechanism of the UA biosensor to UA was investigated in detail, and was successfully applied to the determination of UA in human urine samples.
Experimental

Materials and reagents
Chitosan (CS, 90% deacetylation, Xindie Co., Dalian, China) was dissolved in an aqueous solution of 0.05 M sodium acetate at pH 4.5 with ultrasonication for about 1 h at room temperature to give two final concentrations of 3.0 and 1.0 mg ml -1 , respectively. Human hemoglobin (Hb, MW 66000) and uricase (UOx, EC 1.7.3.3) were obtained from Sigma. A solution containing 0.05 M phosphate buffer (PBS) and 0.1 M NaCl was used as a supporting electrolyte. UA (99.8%) was obtained from Sigma. Its stock solution (3.00 × 10 -3 M) was prepared by dissolving an appropriate amount of UA in PBS, and stored at 4 C. Low concentration standard solutions of UA were freshly prepared from the stock solution with PBS before an experiment. A hydrogen peroxide solution (0.1 M) was prepared by diluting 30% hydrogen peroxide with deionized water and stored at 4 C. The concentration of hydrogen peroxide was determined by an iodometric method. All other chemicals were of analytical grade or higher quality, and deionized water (>15 MΩ) was used throughout this work, acquired from a KLUP-III water treatment system (Kang Ning Water Industry, China). High purity nitrogen was used for solution deaeration, and a nitrogen atmosphere was maintained over the solution, as needed. Human urine samples were collected from a hospital in Qingdao (China) and diluted with PBS before measurements.
Apparatus and measurements
Cyclic voltammetry (CV) and amperometric measurement experiments were performed at a CHI-832B electrochemical workstation (CH Instruments Inc., USA). A conventional three-electrode system was used, consisting of a working electrode, a platinum wire counter electrode and a Ag/AgCl reference electrode. A glassy carbon disk (3.0 mm diameter) electrode (GCE) was used as the base electrode for fabricating the UA biosensor. The measure temperature was kept at 25.0 ± 0.2 C with circulating, temperature-controlled water. CV curves and amperometric responses were recorded by applying an appropriate potential scan or a chosen potential, respectively. All experiments were repeated at least five times, and the means of the measurements was presented with the relative standard deviation (RSD). A comparison the HPLC analysis was performed with an LC-3000 high-performance liquid chromatograph (Beijing Chuangxin Tong Heng Science & Technology Co., Ltd., China) in accordance to the literature. 9 The HPLC-UV method used a mobile phase consisting of 85% PBS (0.05 M, pH 7.0) and 15% methanol, at a flow rate of 1.0 mL min -1 . UA was detected by UV-absorption at 234 nm. The standard UA solution was used as an internal standard.
Preparation of Hb-encapsulated CS electrode
A GCE was first polished to a mirror-like finish with 3000-mesh emery paper, followed by 1.0 and 0.05 µm alumina slurry. It was then washed successively with 1:1 nitric acid, and alcohol, and sonicated in a deionized water bath to remove any residual alumina, and dried in air before use. The Hb was dissolved in a 3.0 mg ml -1 CS solution, and was then stirred for 1 h at room temperature to give a final concentration of 3.0 µg µl -1 . A 4-µl aliquot of a Hb-CS solution was dropped onto the surface of GCE by a microsyringe. The electrode was vertically fixed under the irradiation of an infrared lamp for 30 min at 35˚C, followed by a period of cooling in air, giving an Hb-encapsulated CS-modified electrode (Hb-CS/GCE).
Preparation of a Hb-and UOx-encapsulated CS electrode
The UOx of 10 U was added to 100 µl of a stock 1.0 mg ml
CS solution, and stirred for 30 min to accelerate any dispersion of the enzyme. A 5-µl aliquot of the above mentioned solution was spread over the surface of Hb-CS/GCE, followed by drying for 8 h after the electrode had been vertically fixed in a closed evaporation chamber at room temperature. A working electrode having double enzyme membranes of Hb-and UOx-encapsulated CS (UOx-CS/Hb-CS/GCE) was obtained. Figure 1 illustrates the CV responses from the DET of Hb at Hb-CS/GCE in a pH 7.0 PBS, recorded at a scan rate of 0.100 V s -1 . No redox peak could be observed at CS/GCE (Fig. 1a) , whereas the Hb-CS/GCE gave a couple of stable and well-defined redox peaks at about -0.316 (Epa) and -0.384 V (Epc) vs. Ag/AgCl electrode (Fig. 1b) , showing the potential characteristic of a heme redox couple of the proteins. 41 The anodic and cathodic peak currents are of similar magnitude, with an ipa/ipc ratio of about unity. They are linearly proportional to the scan rates at 20 -500 mV s -1 , suggesting that this quasi-reversible reaction is a surface-controlled process, as expected for immobilized systems. 42 The separation of the peak potentials (ΔEp) is 68 mV for one-electron transfer of Hb, and increases with an increasing scan rate. From the dependence of ΔEp on the scan rates, the apparent heterogeneous electron transfer rate constant, ks, can be calculated to be 97 s -1 according to a method developed by Laviron for a surface-controlled electrochemical process, 43 and is consistent with what was obtained by Huang using a Hb-CS film electrode (104 s -1 ). 44 The average surface concentration of electroactive proteins in the films (Γ) was estimated from integration of the reduction peak of the CVs according to Γ = Q/nFA, where Q is the charge involved in the reaction, n the number of electrons transferred, F the Faraday constant, and A the electrode area, with results of 4.44 × 10 -11 mol cm -2 for Hb. This represents only part of the total amount of protein encapsulated in chitosan, indicating that some protein in the chitosan remains electrochemical activity, and showing a promising potential for the amperometric detection of H2O2 at low potential.
Results and Discussion
CV characterization
As compared to UOx-CS/GCE (Fig. 1c) without any peak in the presence of dissolved oxygen, the UOx-CS/Hb-CS/GCE shows a distinct large cathodic peak current at -0.325 V vs. Ag/AgCl electrode (Fig. 1d) , being consistent with what has been obtained by Hb-CS/GCE (Fig. 1b) under the same condition. This increase in the reduction peak was accompanied by a disappearance of the oxidation peak for Hb-Fe II , because it had reacted with oxygen, while displaying that the encapsulated Hb maintains its electrochemical activity.
Electrocatalytic response of Hb-CS/GCE to H2O2
Cyclic voltammetry was used to study the electrocatalytic behavior of Hb-CS/GCE toward the reduction of H2O2. Figure 2 shows the electrocatalytic activity of Hb-CS/GCE in both the absence and presence of H2O2 in 0.05 M PBS of pH 7.0 at a scan rate of 0.100 V s -1 . The gradual increase in the cathodic peak current and the decrease in the anodic peak current with the addition of different concentrations of H2O2 indicate that the Hb-CS/GCE has a good catalytic response to H2O2. Thus, the Hb-CS/GCE can be used as an alternative means for the indirect determination of UA by measuring the content of H2O2, which is produced by the catalytic oxidation of UA by UOx at low potential.
Electrocatalytic responses of UOx-CS/Hb-CS/GCE to UA
The electrocatalytic response of UOx-CS/Hb-CS/GCE to UA was investigated in PBS of pH 7.0. Figure 3 shows the voltammetric responses of UOx-CS/Hb-CS/GCE with the addition of different concentrations of UA ranging from 6.00 to 36.0 µM. When added to the buffer, the UA underwent catalytic oxidation by UOx on UOx-CS/Hb-CS/GCE to allantoin and H2O2. The H2O2 produced could be further reduced catalytically by immobilized Hb to H2O and O2, and the Hb-Fe III yielded was rapidly reduced on the electrode and contributed to the recorded current responses. As can be seen from Fig. 3 , the cathodic peak currents gradually increase with increasing concentrations of UA. The response of UOx-CS/Hb-CS/GCE to UA may be attributed to a continuous biochemical-to-electrocatalytic reaction, which is facilitated by the immobilized UOx and Hb. The mechanism can be shown as Eqs. (3) - (6) 
Compound I + H2O2 → Hb-Fe III + O2,
Hb-Fe III + e -→ Hb-Fe II at the electrode.
Here compound I is two-electron oxidation states higher than the native Hb-Fe
III
. This oxidation product of Hb by H2O2 may be reduced by H2O2 through a two-electron transfer pathway and produce native Hb-Fe III again and O2. Finally, Hb-Fe III is reduced on the electrode to result in a current increase. The above mechanism indicates that the UOx-CS/Hb-CS/GCE can act as a probe for the fabricating a UA biosensor.
Optimization of the volume ratio of protein/chitosan
To obtain the best response of UOx-CS/Hb-CS/GCE to UA, the deposited volumes of proteins at the optimum ratio of protein-CS solution were investigated to exploit the influence of the film thickness on the amount of electroactive proteins. With an increase of the deposited volumes of Hb and UOx, the current responses increased and reached a maximum value at 4 and 5 µl of two proteins-CS solutions, and then decreased with a further increase of the deposited volume of proteins-CS solutions. It could be attributed that the overlying film hindered the mass transfer of UA to UOx, and also the electroactive protein embeded in the inner layer of film for effective electron transfer to the electrode surface did not increase with an increase in the total amounts proteins deposited. In consideration of these factors, 4 µl of Hb-CS and 5 µl of UOx-CS solutions were spread evenly onto the GCE surface for preparing a protein-encapsulated CS film.
pH studies
The influence of the pH of the assay solution over the range 5.0 -9.0 on the amperometric response of the UA biosensor to UA at a fixed concentration of 8.00 µM was investigated. The experimental result shows an optimum pH range between 6.5 and 7.5. This is consistent with that for the soluble enzyme, 45 as well as to that reported for immobilized UOx in a variety of matrixes. 46, 47 The biosensor is capable of operating over two pH units (6.5 -7.5) with <15% loss of the optimal activity. The near-optimal response near the physiological pH (92% of optimal activity) does not necessitate any tedious sample matrix pretreatment. To keep the consistency and convenience of the investigation, the pH was controlled at 7.0 in the experiment. Figure 4 shows the hydrodynamic amperometric responses of the UA biosensor for various concentrations of UA at -0.325 V vs. Ag/AgCl electrode in the PBS of pH 7.0. As successively increasing the concentration of UA from 2.00 to 30.0 µM, the sensing currents increase steadily along a slope of 29.5 µA mM -1 due to the increasing concentration of H2O2. The biosensor exhibited a sensitive response to changes in the UA concentration, and the reduction current increased to reach a relatively stable value after 60 s. The sensing current was thereby controlled by mass transfer of the sensing target (UA) from the bulk solution to the active site (UOx) of the sensing electrode, and the electrocatalytic response could be used efficiently for UA detection. Under the optimum conditions, a linear relationship between the net steady currents and the UA concentrations was obtained with a correlation coefficient of 0.9982 and a detection limit of 0.85 µM (inset of Fig. 4) .
Calibration curve of UA biosensor
Interference studies
The selectivity was always restricted for the determination of UA in biological samples by electrochemical methods. 48 To affirm the selectivity of the UA biosensor, the possible interferences were investigated by the measurement of 8.00 µM UA in the PBS containing a specified concentration of the interfering compounds. The additions of 50 µM AA, 30 µM EP and 20 µM DA resulted in about 1.3, 1.5 and -2.6% deviations, respectively. After adding 25 µM theophylline, lactic acid, glucose, histidine and urea, respectively, the deviation was less than 1.2%. Thus the effect of the interferents on the current response of enzyme-catalysis was negligible under the testing conditions. The outstanding selectivity of the UA biosensor is attributed to the DET of enzyme-CS on the electrode.
Precision and recovery of UA biosensor
The stability and reproducibility of the UA biosensor were also investigated. Experiments were conducted over a long storage period so as to investigate the storage stability of the UA biosensor. During this period, the response was periodically measured every 2 days for 4 weeks. The electrode was stored in a refrigerator at 4 C after the measurements.
The corresponding result showed that 89% of the response current still retained after 20 days. The reproducibility of the proposed UA biosensor has also been studied. Repetitive measurements were carried out in an 8.00 µmol L -1 UA solution. The currents obtained in five repeated measurements show a RSD of 2.57%, confirming that the measured results are reproducible. Thus, chitosan is very efficient for retaining the enzyme activity, and the UA biosensor is stable and has good reproducibility.
Analysis of urine samples
Human urine samples were determined with the proposed UA biosensor. There was no pretreatment other than the dilution of samples. To avoid any deterioration of the samples, they were freshly diluted, appropriately, with pH 7.0 PBS before each measurement. After the current responses of the UA standard solutions were determined, the determination of sample solutions was performed under the same experimental condition. All of the concentrations of UA in detection solutions were in the linear response range. As a contrast on the correctness of the results, the UA concentrations of the same samples were analyzed simultaneously by the HPLC method. The results summarized in Table 1 show that the UA concentrations found in urine samples are fairly close to those reported elsewhere, [19] [20] [21] [22] [23] and the results of HPLC. 9 
Conclusions
In this article, we introduced the novel concept of a UA biosensor based on DET occurring in an enzymes-encapsulated chitosan membrane. The encapsulated UOx and Hb maintain their bioactivity and electrochemical activity, and produce a fast chemical-to-electrocatalytic reaction without other electron mediators in the presence of UA. The embedded Hb can stop H2O2 from catalyzing UA with the enclosed UOx, bringing about a steady amperometric response to UA. The catalytic currents increase with increasing UA concentrations of from 2.00 to 30.0 µM with a sensitivity of 29.5 µA mM -1 and a correlation coefficient of 0.9982. The detection limit of the UA biosensor is estimated to 0.85 µM, and can efficiently exclude the interference of commonly coexisted ascorbic acid, dopamine and epinephrine. Because of its convenient preparation and fine properties, this biosensor can be used for UA determination in real samples. In addition, chitosan can provide a biocompatible and electrochemical microenvironment for the immobilization of enzyme, making this material a good candidate for the fabrication of a highly sensitive and selective UA biosensor.
